Abstract. An attempt has been made to investigate for the reaction dynamics leading to incomplete fusion (ICF) of heavy ions at moderate excitation energies, especially the influence of incomplete fusion on complete fusion (CF) of 16 O induced reactions at specific energies. Excitation functions (EFs) of various reaction products populated via CF and/or ICF of 16 O projectile with 45 Sc target were measured at energies ≈3-7 MeV/nucleon, using recoil catcher technique followed by offline γ-ray spectroscopy.The measured EFs were compared with theoretical values obtained using the statistical model code PACE4. The experimentally measured EFs were in general found to be in good agreement with the theoretical predictions for non α-emitting channels in the present target projectile system. However, for α-emitting channels the measured EFs were higher than the predictions of the theoretical model codes, which may be credited to incomplete fusion reactions at these energies.
Introduction
In recent years extensive efforts have been made to study the incomplete fusion (ICF) reaction dynamics, at energies in the vicinity of Coulomb barrier (CB). It has been a topic of extensive discussion among experimental as well as theoretical nuclear physicists in the past several years [1] [2] [3] [4] [5] [6] . This discussion has been continuously innovated with the onset of competition between ICF and complete fusion (CF) reactions just above the CB [2, 4] . Moreover, at relatively higher projectile energies the concept of critical angular momentum distinguishes both the reaction dynamics. As per sharp cut-off approximation, the probability of CF is assumed to be unity for l ≤ l crit and zero in case of l ≥ l crit [7] . Hence, at relatively higher projectile energies and at larger impact parameters, CF moderately gives way to ICF, where fractional mass and charge as well as the linear momentum of projectile are transferred to the target nucleus, due to the prompt emission of α-clusters in the forward cone with almost projectile energy. The studies of coincidence relationships between the outgoing α-particles and the discrete γ-rays of the heavy residues unambiguously has also proved that in these reactions a massive part of the projectile fuses with the target while that remaining escapes at forward angles carrying a large part of the kinetic energy and angular momentum [8] . Furthermore, a few reports [9] [10] [11] have shown that the population of low-spin states are observed to be hindered and/or less fed in the case of ICF. This reveals the occurrence of ICF due to the influence of centrifugal potential in the peripheral interactions, where driving angular momentum limits do not allow CF. Recently, CF reaction has been used a e-mail: avibcb@gmail.com to synthesize superheavy elements [12] [13] [14] [15] . However, at these low energies, the evidence of ICF [1] [2] [3] [4] along with fission and quasifission may be a cause of hindrance to achieve superheavy elements. These reactions were first observed by Britt and Quinton [16] with the experimental evidence of forward peaked α-particles in the interaction of heavy projectile target systems at energies ≈10.5 MeV/A. Particle-gamma coincidence studies by Inamura et al. [9] contributed strongly to the understanding of the mechanism of ICF reactions. Furthermore such reactions are difficult to explain in terms of deep inelastic collisions as the mass flow is always from projectile to target. Several theoretical models like Exciton model [17] , Breakup fusion (BUF) model [18] , Promptly emitted particles (PEPs) model [19] , Multistep direct reaction theory [20] and Hot spot model [21] etc. have been proposed to explain ICF reaction dynamics. All these models were used to explain experimental data at energies ≈10 MeV/A. Some recent studies, however, showed the onset of ICF just above the Coulomb barrier. Parker et al. [22] observed forward peaked alpha-particles in reaction of low-Z heavy ions with energy 6 MeV/A on 51 V. Morgenstern et al. [23] observed ICF component in the velocity spectra of evaporation residues (ERs) in a reaction of 40 Ar with boron and carbon target. Tserruya et al. [24] found evidences for incomplete fusion from Time of Flight (TOF) measurements of ERs in a reaction at 5.5-10 MeV/nucleon energies of 12 C with 120 Sn, 160 Gd and 197 Au. Ismail et al. [25] measured excitation functions (EFs) and mean projectile recoil ranges of nuclei produced in the HI reactions using thick target -thick recoil catcher technique to study incomplete fusion reactions. M. Cavinato et al. [26] measured excitation functions, recoil range distribution and angular distribution of a great number of radioactive residues, providing evidences for the emission of preequilibrium nucleons during the thermalization of the composite nucleus and reproduce the excitation functions calculated within the Boltzmann master equation theory. B.S. Tomer et al. [27] explained ICF reactions in the framework of break-up fusion model and showed the entrance channel mass asymmetry dependence of ICF reactions in different exit channel. Recently, few groups in India [1-4, 28, 29] in their experiments tried to confirm the predictions of break-up fusion model of the incomplete fusion reactions by measurements of EFs and Forward Recoil Range Distributions (FRRD). Apart from that Dracoulis et al. [30] , Lane et al. [31] , and Mullins et al. [32] reported that ICF can selectively populate high spin states in final reaction products even at low bombarding energies and therefore can be used as a spectroscopic tool. More recently P. P. Singh [4, 11] observed large influence of incomplete fusion in his studies by measurement of spin distributions of evaporation residues at energy 5.6 MeV/A. However, a perfect modeling of ICF processes is still missing.
Experimental Details
The experiment was carried out using the general purpose scattering chamber (GPSC) facility found at the Inter Uni- versity Accelerator Center (IUAC), New Delhi, India. A stack containing 45 Sc targets was irradiated by a 16 O beam at 105 MeV in the GPSC (the chamber has a facility of invacuum transfer of targets, which minimizes the time-lapse between the stopping of irradiation and the beginning of counting). A typical stacked foil arrangement used for excitation function measurements is shown in figure 1 . The irradiation of the stack covered the desired energy range of ≈50-105 MeV in measuring the EFs of various evaporation residues produced in the 16 O + 45 Sc system. The beam current was ≈20 nA throughout the irradiation. The 45 Sc targets of thickness 1.42 mg/cm 2 , backed by Al catchers of thickness 2 mg/cm 2 , were placed after each target normal to the beam direction so that the recoiling nuclei coming out of the target could be trapped in the catcher foil and there would be no loss of activity. To ensure more efficient collection of CF and ICF products, the thickness of Al backings was carefully chosen. The incident flux of the 16 O beam was determined from the charge collected in the Faraday cup (using an ORTEC current integrator device), as well as from the counts of the two Rutherford monitors kept at ±10
• to the beam direction. The two sets of values were found to agree with each other, any difference between them being within the 5% range (of the values). The stack was irradiated for ≈9 h, keeping in mind the half-lives of interest. The activities induced in the catchertarget assembly were followed off-line, using precalibrated CANBERAs HPGe detector coupled to CAMAC and based on the FREEDOM data acquisition system developed by the IUAC [33] . The average time between the end of the irradiation and the beginning of the measurements with HPGe was ≈15 min. The nuclear spectroscopic data used in the evaluation and measurement of cross sections were taken from the radioactive isotopes data table by Browne and Firestone [34] and are given in Table 1 . The spectrometer was calibrated for energy, and efficiency was measured using various standard sources, i.e. 152 Eu, 57,60 Co, and 133 Ba. Details of geometry-dependent efficiency measurements used in this work are similar to those used by Ahamad et al. [28] . The residues produced from various reaction channels were identified by their characteristic γ-ray and decay curve analysis. The details of the experimental arrangements, formulations, and data reduction procedures used in the present work are similar to those in the 17001-p.2 NSRT12 work of Agarwal et al. [29] . The standard formulation reported in Ref. [35] was used to determine the production cross sections of various reaction products. The various factors that may introduce errors and uncertainties in the present cross-section measurements and their estimates are the following: (i) The non-uniform thickness of samples may lead to uncertainty in determining the number of target nuclei. To check the extent of the non-uniformity of the sample, the thickness of each sample was measured at different positions using α-transmission method. It is estimated that the error in the thickness of the sample materials is less than 1%. (ii) Fluctuation in the beam current may result in variation of the incident flux; proper care was taken to keep the beam current constant as much as possible. The error due to this factor was incorporated by taking the weighted average of the beam current and is estimated to be less than 2%. (iii) The dead time in the spectrometer may lead to a loss in the counts. By suitably adjusting the sample-detector distance, the dead time was kept below 10%. These errors exclude uncertainty of the nuclear data, such as branching ratio, decay constant, etc., which have been taken from Ref. [33] . (iv) Uncertainty in determining the geometry-dependent detector efficiency may also introduce some error, which is estimated to be less than 2%. (v) Errors due to a decrease in the oxygen ion beam intensity caused by scattering while transferring through the stack are estimated to be less than 1%. Attempts were made to minimize the uncertainties caused by all the above factors. The overall error in the present work is estimated to be less than or equal to 17%.
Experimental results and analysis
EFs for residues produced in the 16 O + 45 Sc system via CF and/or ICF processes were measured at projectile energies up to 105 MeV. To investigate the ICF reaction dynamics, the EFs for 57 Ni, 56 Ni, 57 Co, 56 Co, 55 Co, 52 Fe, 54 Mn, 52 Mn, 51 Cr, and 48 V radionuclides produced in this energy range were considered. The cross sections from a given reaction channel were determined separately from the observed intensities of all possible identified γ-rays, arising from the same radionuclide. The reported values are the weighted average of the various cross-section values obtained [35] . An analysis of experimentally measured EFs was made by comparing them with the theoretical predictions of the statistical model code, PACE4 [36] . The PACE4 code uses a Monte Carlo procedure to determine the decay sequence of an excited nucleus using the Hauser-Feshback formalism. This formalism takes angular momentum directly into account. The angular momentum projections are calculated at each stage deexcitation, which enables the determination of the angular distribution of emitted particles.
The other details of model calculations can be found in our earlier publications [1, 29] . The measured EFs along with theoretical predictions obtained using the PACE4 code for representative residues populated via non α -emitting channels, (p3n) and (p4n) are shown in figure 2. In these sets of channels, there is no likelihood of ICF reactions, and therefore, this set of channels are populated only by CF. As can be seen from figure 2 the calculated EFs corresponding to the level density parameter K=10 in general reproduced satisfactorily experimentally measured EFs for the residues 57 Ni and 56 Ni produced in the CF reactions of the 16 O projectile with the 45 Sc target, which is consistent with our earlier findings [1] . The EFs for the reaction channel (2p2n) is shown in figure 3(a) . An agreement between theoretical and experimental values exists at 73.2 ± 2.8 MeV and above this energy significant enhancement of cross-section is found. This simply indicates that 57 Co is populated via CF and ICF of 8 Be fragment both. Regarding the residues 56 Co, 55 Co , 52 Fe and 54 Mn, populated through (α,n), (α,2n), (α,p4n), and (α,2pn) channels, it is obvious from figures 3(b -d) and figure 4(a) that our measured cross-sections are higher than the theoretical predictions. This enhancement can be explained by the ICF of 12 C fragment of the projectile to the target. Figures 4(b) and 5 show the EFs for the residues 52 Mn, 51 Cr and 48 V populated by the channels (2α,n) (2α,pn) and (3α,n). It can be seen from the figures that measured excitation functions are much higher but in the same trend as the theoretically calculated values, which can be explained by assuming that these channels are populated not only by CF but also with ICF of 8 Be fragment (in case of 52 Mn and 51 Cr) and 12 C fragment (in case of 48 V) of projectile to the target.
Conclusions
The 52 Mn, 51 Cr and 48 V nuclides indicating that the processes other than compound nucleus formation are playing an important role in the production of these isotopes. The large difference in our measured and calculated values gives clear signatures of incomplete fusion for these 17001-p.3 Fig. 4 . Experimentally measured and theoretically calculated EFs for different residues populated via (α,2pn) and (2α,n) channels in the 16 O + 45 Sc system at ≈ 50-105 MeV. The other details are same as in figure 2. channels in the considered energy range. Moreover, for a perfect modeling of the ICF process, more detailed experiments consisting of the measurement of forward recoil range distributions and spin distribution of residues populated by CF as well ICF, using particle-gamma coincidence technique both at relatively low and higher bombarding energies are desirable.
